ABSTRACT
INTRODUCTION
Intrauterine growth retardation (IUGR) is the leading cause of perinatal mortality after prematurity (26). Defined as failure of the fetus to achieve its inherent growth potential, IUGR affects 3-10% of all pregnancies (69) . In developed nations, the major cause of IUGR is uteroplacental insufficiency (UPI) (48).
IUGR increases the risk of neurocognitive deficits. Numerous studies have demonstrated that children exposed to IUGR have academic impairment and subnormal intellectual and psychological performance upon standardized testing (24, 47, 67, 80, 81, 91) . Recently, a ten-year prospective study demonstrated significant differences in neurodevelopmental scores, IQ, and school achievement between children with IUGR and controls matched for age, gestation, and socioeconomic class (48). Furthermore, UPI itself, defined using Doppler techniques to assess placental blood flow, is strongly associated with adverse neurocognitive outcomes (23, 51). As these studies point out, most deficits associated with IUGR relate to learning, memory, attention, and behavior.
What remains poorly understood, however, is the mechanism whereby IUGR impairs learning and memory throughout the lifespan.
Learning and memory ability is likely to be regulated by developmental factors that influence synaptic plasticity (20) . Examples of such factors include corticosteroids (45), growth hormone and insulin-like growth factor (IGF-1) (42-44), all of which are altered by IUGR (6, 16, 22, 32, 49, 50, 88), and by the intrauterine hypoxia-ischemia (10) inherent to UPI. In turn, these factors are all known modulators of n-methyl d-aspartate receptor (NMDAR) subunit composition (10, 14, 42-45, 52, 61, 62). Studies (10, 14, 42-45) have localized NMDAR subunit changes to the hippocampus, a region of the brain critical for learning and memory functions (79) .
NMDARs, the major ionotropic glutamate receptors of the central nervous system, play critical roles in neurodevelopment and cogntition. Excessive receptor activation, which occurs in hypoxic ischemic injury, results in neurotoxic cell death. Underactivation during brain development, such as that which occurs in sensory deprivation, can result in the elimination of necessary synaptic connections. NMDARs' stabilization of utilized neuronal circuits creates the network necessary for learning and memory processes at all stages of life; thus, blockade of cerebral NMDARs during or after maturation results in learning and memory deficits (9, 77, 79) . If IUGR were to alter subunit composition, given the central role that NMDARs play in neurodevelopment and cognition, the consequent changes in receptor characteristics would have a profound impact on learning and memory.
The NMDAR receptor is a tetrameric protein consisting of two obligatory NR1 subunits and two variable NR2 subunits. In the hippocampus, these may be NR2A, NR2B, or both. Though NR1 is the obligatory subunit, the type of NR1 present is variable. The NR1 subunit has eight NR1 mRNA isoforms (see Figure   1 ) divided into two groups depending on the presence or absence of exon 5, the N-terminal cassette: NR-1a (absent) and NR1-b (present). In turn, each one of these groups contains four isoforms with different C-terminal domains. This domain is essential to NMDAR clustering and anchoring at the plasma membrane and the synapse, and can be altered as follows: loss of exon 21 (C1 cassette) or exon 22 (C2 cassette) results in transcripts designated as NR1-2 or NR1-3, respectively, while the presence or absence of both C1 and C2 cassettes results in NR1-1 and N1-4 splice variants, respectively. Further, the deletion of the C2 cassette alters the reading frame generating an unrelated sequence of amino acids designated as C2'.
Changes in NR1 isoform expression have important functional consequences. For example, individual NR1 splice variants determine subcellular localization versus cell surface expression of NMDAR complexes (21, 58, 76) . In addition, the eight known NR1 isoforms each have distinct functional properties.
For example, the four C-terminus variants lacking exon 21, or missing the the C1 cassette, are NR1-2a,b and NR1-4a,b. NMDARs formed using these NR1 isoforms have reduced NMDAR-dependent downstream signaling (7), consistent with a loss of protein kinase C phosphorylation sites. NMDARs formed using those isoforms with the longest cytoplasmic tail (NR1-1a and NR1-1b) have the lowest amount of cell surface expression and lowest increase in calcium after glutamate application, while those with the shortest tail (NR1-4a and NR1-4b) have the highest cell surface expression and calcium response (58); C2'-containing NR1 splice variants (NR1-3a,b and NR1-4 a,b) show increased activity-dependent synaptic clustering and more rapid exit from the endoplasmic reticulum than those containing the C2 cassette (56). Finally, N-terminus variants also have functional differences: variants lacking exon 5 are enriched in the dendrites, associated with the presence of a unique dendrite-targeting element (64), while those containing exon 5 are present only in the neuronal body.
The type of NR2 subunits incorporated also determines many key biophysical and pharmacologic activities of this critical receptor, as well as its localization relative to the synapse (20) or to the extracellular membrane.
Interestingly, the composition of the NMDAR changes as the organism matures, paralleling developmental changes in plasticity and in the capacity for different forms of learning. As the hippocampus matures, NR2 subunits shift from NR2B to NR2A predominance (68); as a result, synaptic plasticity decreases while the stability of neuronal connections increases. Pathologic changes in NMDAR subunit composition have been directly linked to alterations in learning and memory processes(12, 37); for example, NR2A deficient mice exhibit impaired learning in the Morris water maze (73) (29).
Based on this background, we hypothesized that UPI-induced IUGR produces altered postnatal hippocampal NMDAR subunit composition, including changes in NR1 mRNA isoform expression, that persist beyond the immediate postnatal period. Given that NMDARs regulate neuronal proliferation, dendritic branching and synaptogenesis, and that we had found increased TUNEL staining in the day 0 IUGR hippocampus (36), we further hypothesized that IUGR would alter hippocampal cellular composition and synaptic density as well.
To test this hypothesis, bilateral uterine artery ligation was performed on day 19 of gestation in Sprague Dawley rats (term, 21.5 days). This wellcharacterized model of asymmetric growth restriction reliably produces pups that are 20% lighter than controls and go on to develop many of the characteristic phenotypic alterations associated with IUGR. Using this model, we have shown increased apoptosis (36) and altered gene expression (35, 36, 40) in the brains of IUGR rat pups.
In the IUGR human, cognitive problems are found as early as 2 years of age, and commonly, by the age of school entry. Though one cannot directly extrapolate to the human situation, the d21 rat brain is comparable in many respects to a young child (71) . For these reasons, we chose to evaluate the impact of IUGR on hippocampal NMDAR subunit and cellular composition at d21 of life. By this time, many key maturational processes such as myelination and synaptogenesis have already peaked in the rat brain. Though not fully mature, examination of the IUGR brain at this time provides insight into the consequences of this prenatal insult.
We found that UPI-induced IUGR was associated with a decreased NR2A/NR2B subunit ratio and decreased NR1 protein levels in the rat hippocampus. We found striking gender-related differences, wherein IUGR males were more likely to differ significantly from controls than were IUGR females.
Finally, decreased oligodendrocytic density was the most pervasive effect of IUGR on rat hippocampal cellular composition, particularly notable among male rats.
METHODS
Animals. All procedures were approved by the University of Utah Chancellor's Animal Research Committee and are in accordance with the American Physiological Society's guiding principles. All surgical methods have been described previously. Briefly, pregnant Sprague-Dawley rats on day 19 of gestation were anesthetized with intraperitoneal xylazine (8 mg/kg) and ketamine (40 mg/kg), and both uterine arteries were ligated to create intrauterine growth restricted pups (IUGR; n= 9 litters). Control animals underwent an identical anesthetic (Control; n= 8 litters). Rats recovered within a few hours and had ad libitum access to food and water.
To study 21-day-old (d21) rats, dams were allowed to deliver spontaneously at term (21.5 days) and litters were culled to six pups, 3 males and 3 females, as previously described. Four groups were thus defined as IUGR female (IF), IUGR male (IM), Control female (CF) and Control male (CM). Analysis on the basis of sex was performed because previous studies demonstrated that both rodents and humans respond to a deprived intrauterine milieu in a sex-specific manner.
At d21, Control and IUGR rats were separated from their dams for 4 h, anesthetized with IP xylazine (8mg/kg) and ketamine (40mg/kg) , and killed by swift decapitation (n= 6-8 per group). After brain removal, hippocampus was quickly dissected on ice. Tissue was either promptly used for membrane protein (see below) or snap frozen in liquid nitrogen and stored at -80ºC. Frozen tissue was used to make cDNA (see below). An additional 32 rats underwent transcardiac perfusion-fixation with ice-cold 0.9% NaCl, followed by 10% formalin (4 groups, n=6-8 per group), preceded by the same anesthetic regimen as described above. Brains were removed and placed in 10% formalin at 4°C for 48hrs. The next day, brains were washed in 70% alcohol for 5 min, then stored in 70% alcohol until embedded in paraffin. Tissue was then processed for either immunofluorescence (IF) or immunohistochemistry (IHC).
RNA isolation and real-time RT-PCR.
Hippocampal mRNA levels of NR1, NR1 isoforms, NR2a and NR2b were measured by real-time RT-PCR, as previously described (54, 81). In brief, total RNA was extracted from d21 hippocampi with an RNeasy Lipid Tissue Minute Kit For each set of reactions, samples were run in quadruplicate. Relative quantification of PCR products was based on value differences between the target and GAPDH control by the comparative threshold cycle method (Taqman Gold RT-PCR manual, PE Applied Biosystems).
Protein isolation and Western blotting.
Protein levels of NR1 (C2 terminus) and NR1 (C2' terminus), NR2A, NR2B, β-actin and Synaptophysin were measured in d21 Control and IUGR brains. In brief, hippocampi were dissected on ice, homogenized in ice-cold sucrose buffer (320mM sucrose, 3.3mM monobasic monohydrate NaH2PO4·H2O, 12.7 mM dibasic anhydrous Na2HPO4, NaOH to PH 7.4) with 
Immunohistochemistry
Immunohistochemistry was used to localize the differences occurring between IUGR and Control groups. After cardial perfusion, the right hemisphere from each animal was blocked in paraffin. Coronal sections of embedded brain tissue were deparaffinized and rehydrated in a graded series of ethanol and distilled H2O (dH2O) with a final wash in PBS. For each animal, three sections were placed on a single slide. Sections of medial rostral hippocampus were selected at the same visual level from all animals. Three sets of slides were selected for staining. One set was composed of fourteen slides, namely three slides per group (IF, CF, IM, CM) and two negative slides (one lacking primary antibody, the other lacking secondary antibody).All slides were processed on the same day, and exposed to freshly made reagents at the same times to minimize variation in conditions between groups. Sections were then incubated in a 3% H2O2 solution for 30 min at room temperature to quench endogenous peroxidase activity. After a brief PBS wash, antigen retrieval was performed by placing the slides in sodium citrate buffer (pH 6.0) for 30 min at 95ºC, followed by a 20 min. cooling period and wash. Three 5 minute washes with PBS followed each of the subsequent incubations. Endogenous peroxidase activity was Three sets of slides were selected for staining. One set was composed of fourteen slides, namely three slides per group (IF, CF, IM, CM) and two negative slides (one lacking primary antibody, the other lacking secondary antibody). All slides were processed on the same day, and exposed to freshly made reagents at the same times to minimize variation in conditions between groups. Antigen retrieval was performed by placing the slides in sodium citrate buffer (pH 6.0) for 30 min. and NeuN areas to total cell count normalized these counts to cell density.
Statistics
All data are expressed as mean ± SE and/or as percentage of control.
Data was analyzed using ANOVA, with p<0.05 defined as the cutoff for statistical significance, using Statview software. 
RESULTS

Changes in NR1 Subunit Expression
Changes in NMDAR subunit protein levels by hippocampal region
The increase in NR2B protein localized to DG and CA1 in IUGR females (figure 5), while no differences were noted for IUGR males. We found no observable differences in NR1 staining between groups in CA1, CA3 or DG. Both IUGR males and females had similar NR2A staining, except in DG where there was a slight decrease in staining (data not shown). IHC findings support a more immature phenotype in the IUGR rat, localized to DG (for both genders) and to CA1 (for females only).
Changes in Hippocampal Cellular Composition
IUGR did not change hippocampal neuronal cell density, as evidenced by immunofluorescence for NeuN. Total hippocampal synaptophysin protein levels were unchanged in both genders (expressed as arbitrary densitometry units relative to ß-actin), on day 21 of life (data not shown). Accordingly, no differences were noted in synaptophysin staining, relative to cellular density, except in male CA3 (20.2 ± 4.5 vs 33.98 ± 2.8, p=0.03, figure 6A and B). For comparison, images of synaptophysin staining in IUGR and Control male CA1 are shown in figure 6C and 6D. No differences were noted in IUGR females. GFAP also showed limited differences. In all groups, GFAP signal was weaker than that achieved by GFAP single-labeling alone, since highly dilute GFAP antibody was used to avoid overwhelming the NeuN signal in our double-labeling experiments.
IUGR males had increased astrocytic density, as evidenced by increased CA3
GFAP staining relative to cell density, compared to control males (27.8 ± 3.2 vs 13.6 ±3.5, p=0.013), as shown in figure 6E and 6F. The CA3 GFAP/NeuN ratio was unchanged. IUGR females were not different from age-matched controls.
Markers for oligodendrocytes, however, showed more widespread differences between groups. IUGR markedly decreased oligodendrocytic cell and NR2A protein as well as oligodendrocyte density only in males, while it increased expression of NR1-3a and NR1-3b isoforms in both genders.
The following addresses the above findings in more detail, starting with the decrease in NR1, then in NR2A and finally with the decreased white matter seen in IUGR rat hippocampi.
Our data points to an overall decrease in NR1 levels in IUGR males, given the striking NR1-C2 protein differences. Though splice variants NR1-3a and NR1-3b are increased in the IUGR brain, these are variants known to be less abundant overall than the rest (66). There is reason to believe that decreased NR1 and cognitive impairment are linked. In selected lines of NR1 knockouts wherein the deficit is limited to regions of hippocampus, performance on various hippocampal-based memory tasks is impaired (57) (28). In rats, decreased hippocampal NR1 correlates with impaired spatial learning (1) and partial knock down of NR1 resulted in impaired memory (13) and behavior (3) even when only 6-7% of neurons were affected (3).
Some very recent studies suggest a possible link between decreased hippocampal NR1 and changes in white matter. They challenge the previously held assertion that NMDARs do not exist in white matter, and demonstrate their existence in the myelinating processes of oligodendrocytes.
The decreased NR1 protein levels do not appear to be due to neuronal or synaptic loss, based on our histologic data. (34, 74, 87). NR1 co-localized with MBP in adult rat cerebellum (34). Using a murine optic nerve preparation, ischemia-induced loss of oligodendrocyte processes was prevented by pharmacologic blockade of the NMDAR (74); the authors noted that NR1 subunits were mainly found in the oligodendrocyte processes, where they also found a high degree of NR1 and NR2A subunit co-localization using immunohistochemistry. Though the contribution of oligodendrocyte processes to overall hippocampal NR1 content is unclear, it is possible that extensive white matter loss could lead to decreased NR1 levels.
Our data also shows decreased NR2A levels in IUGR males relative to controls. Multiple studies have reported associations between altered NMDAR subtype and cognitive function, though no single pattern has emerged. An increase in the NR2A/NR2B ratio is required for NMDAR-dependent learning (46), and NR2A knockout mice have significant deficits in discriminative learning (8), suggesting that decreased NR2A subunit expression could negatively impact cognitive processes. There is also evidence that decreased NR2A subunit expression could affect synaptic plasticity (54). While it is well known that
NMDARs play an essential role in dendritic protein synthesis, a process critical for synaptic plasticity, the use of highly specific NR2A and NR2B antagonists suggested in one study that NR2A activity was indispensable (85). Finally, on the electrophysiologic level, where long-term potentiation (LTP) and long-term depression (LTD) reflect plasticity, the relative roles each subunit plays are still being elucidated. Whether or not NR2A subunit activity is critical for LTP is still a matter of controversy (5, 90). Nevertheless, it is well accepted that changes in NR2 subunit composition affect synaptic plasticity, which in turn is the substrate of learning and memory.
The few studies similar to ours provide support for our findings. For example, one group of investigators, using a rat model of uterine artery clamping at day 17 of gestation, showed that cerebellar granule cell cultures from 8 day old affected rats had a hypersensitive response to NMDA, suggesting a change in the characteristics of the its receptor, the NMDAR (11). In the hippocampus, as in our study, they found decreased hippocampal NR1 protein at day 21 of life (10). Although they found no changes in NR2A or NR2B expression, they did find reduced binding affinity to an NMDAR antagonist (MK801), which suggests NMDAR subunit composition may be altered.
There are a number of predicted physiologic implications of the UPIassociated NMDAR subunit composition changes found in our study: namely, an increased vulnerability to seizures and to excitotoxic injury, as well as impaired learning and memory. Interestingly, 28 day old rats who had been exposed to hypoxia for one week antenatally had a lower seizure threshold (18). Rat pups that were severely growth retarded, as a result of intrauterine artery ligation, A second novel aspect of our study is the number of striking genderspecific hippocampal differences in our rat model of UPI-induced IUGR: while IUGR females manifest modest differences from control females (increased NR1-3a and NR1-3b), IUGR males have more widespread histologic as well as molecular differences from control males. IUGR male hippocampi had lower oligodendrocyte density, and in CA3 had decreased synaptophysin and increased astrocytic density. IUGR males, but not females, manifested Our study has a number of limitations, both for our molecular as well as our histologic findings, as outlined below.
First, for our molecular studies, we did not use methods (such as microdissection) that would allow localization of our results to specific areas of hippocampus. Our results for protein and mRNA expression pertain to global hippocampus and are not specific to any subregion. We chose to use the entire hemispheric hippocampus for protein extraction precisely because differences in NMDAR subunit composition have been clearly demonstrated between dorsal and ventral hippocampus (65) as well as between CA1, CA3 and DG subfields (17). In this manner, we maximized our ability to describe global hippocampal changes.
Another limitation of our study pertains to our histologic findings. We sampled a small volume of hippocampus and, further, did not extend observations for nonneuronal elements (ie, GFAP, SYN, MBPP) far from the neuron bodies. Our results may have been different had we sampled a larger volume of hippocampus. Nevertheless, there are a number of reasons why relative comparisons are still valuable and can be made. One, we minimized artifactual differences between samples and between groups in our experimental handling of tissues and two, we used two blinded observers for independent analysis of results. Though it is possible that our results would change if we took a broader swath of tissue for analysis, the MBP differences were so marked that we believe there is a true difference between groups.
Of course, direct comparisons between this rat model of UPI-induced IUGR and the human condition must be made with caution. The timing of the UPI insult in our model differs from the human situation in many ways; for one, the fetal rat is physiologically immature relative to humans, particularly with respect to the brain, such that a brain from a term human baby is more comparable to that of a 7-10 day old than to a newborn rat pup and thus the insult in our model is applied relatively early in brain development. In addition, the timing and impact of UPI experienced by humans ranges across a continuum, while the insult imposed on the fetal rat in this model of UPI is severe and specific.
Perspectives and Significance
Our study shows that hippocampal NMDAR subunit composition at day 21 of life is altered in a rat model of UPI-induced IUGR. Our protein results, combined with the immunofluorescence data, suggest that synaptic NMDA subunit composition, and not synaptic number, is altered. Our results lead us to predict a reduced number of NMDAR subunits, as well as a predominance of NR2B-containing NMDARs, at the synapse. Further elucidation of our findings would require electrophysiologic studies in CA1, CA3 and DG. For example, based on NR2B predominance, the NMDARs should be more easily excitable and the excitatory post-synaptic currents relatively prolonged in duration. We speculate that our novel findings suggest that the NMDAR plays an important role in IUGR-associated cognitive impairment. NR1 has eight isoforms, divided into two groups designated a or b depending on the absence (a) of exon 5 or presence (b) of exon 5. For example, NR1-1a and NR1-1b differ only in their N-termini. These two groups are further subdivided depending on the presence or absence of C1 and/or C2. Please note that absence of C2 leads to a frameshift change and inclusion of C2'. The cartoon illustrates the N-and C-termini of NR1 and the variation between isoforms in terms of exons used. IUGR decreased NR2A (black bars) and the ratio of NR2A/B protein levels in D21 male rat hippocampi, while it increased hippocampal NR2B (gray bars) protein levels in D21 female rats. Data expressed in arbitrary densitometry units relative to β-actin and compared to gender-matched animals ±SEM, n=6. In this graph, one representative sample blot of the NR2A protein levels is depicted under each of the corresponding black bars for the IUGR and Control Male groups. Similarly, one representative sample blot of the NR2B protein levels is depicted under each of the corresponding gray bars for the IUGR and Control Female groups. whereas blue staining denotes DAPI-positive tissue, or cell nuclei. IUGR males showed decreased synaptophysin immunofluorescence relative to cell density in CA3, where there was no difference noted in CA1 between groups. For images 6E and 6F, green staining denotes GFAP-positive tissue, or astrocytes, whereas blue staining denotes DAPI-positive tissue, or cell nuclei. IUGR increased GFAP immunofluorescence relative to cell density in males, specifically in CA3. Scale bar=60μm. 
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